Abstract: Fusarium head blight is a destructive disease of cereals worldwide. The aim of this research was to study the effect of heavy Fusarium infection with Fusarium culmorum and biosynthesis of mycotoxins on different wheat varieties during malting by setting up field trials with control and Fusarium-inoculated treatments at the Agricultural Institute Osijek. The highest occurrence of Fusarium mycotoxins was expectedly recorded in susceptible variety in grain and malt (3247 and 1484 µg kg −1 for deoxynivalenol (DON), 735 and 1116 µg kg −1 for 3-acetyl deoxynivalenol (3-ADON), 37 and 233 µg kg −1 for zearalenone (ZEN), respectively). Based on published information, complemented by our own results, the following conclusions can be drawn: The presence of 3-ADON in different wheat varieties might be the result of its conversion into DON by deacetylation during the malting process. The detection of the mycotoxin ZEN indicated that this mycotoxin is only specific for wheat malt.
Introduction
More than 200 Fusarium species are known, but the most dominant in wheat are Fusarium graminearum Schwabe (teleomorph Gibberella zeae), F. culmorum (Wm. G. Sm.) Sacc. (teleomorph unknown) and F. avenaceum (Fr.:Fr.) Sacc. (teleomorph Gibberella avenacea) [1] . Although the disease causes a reduction in the yield and quality of wheat, a major concern in food and feed is the contamination of grain infected with fungal secondary metabolites (mycotoxins), such as trichotecenes [2] , zearelenone (ZEN) and moniliformin (MON), which may pose health risks to humans and animals [3] . Also, Fusarium head blight (FHB) causes sterility, poor grain filling and test weight decrease thus resulting in significant yield loss. Currently, agronomic practice and fungicides may only partially reduce the risk of damage. In some studies, fungicide treatment reduced the infection by up to 15% [4] , and some researchers have reported reductions of even up to 50% [5] . The effectiveness of fungicide treatment depends on various factors such as: contamination level (both Fusarium and co-contamination with other fungal species), health status of the plant (oxidative stress of the plant, resistance of the wheat genotype), drought level, concentration and mode of action of fungicide etc. The best approach to control FHB and to reduce mycotoxin contamination is to create wheat genotypes that carry effective resistance genes [6] [7] [8] . The resistance reaction of wheat to Fusarium infection includes the following components: Type I, resistance to initial infection [9] ; Type II, resistance to spread of symptoms [9] ; Type III, resistance to toxin accumulation [10] ; Type IV, resistance to kernel infection [11, 12] ; Type V, yield tolerance [11, 12] .
The occurrence, amount, and type of mycotoxins can depend on weather conditions [13, 14] , geographic location, fungi species, infection severity and variety resistance. F. graminearum and F. culmorum are the most important DON producers, and belong to trichothecenes B group, which are characterized as inhibitors of protein synthesis and effectors of the immune system [15] . Other Fusarium species that cause wheat disease include F. avenaceum (Fr.) Sacc. and F. poae (Peck) Wollenw. Those species are good producers of moniliformin (MON), beauvericin (BEA) and enniatins (ENNs) [16] , and their presence has been observed in wheat before [17] .
DON, nivalenol (NIV), T-2 toxin (T-2), HT-2 toxin (HT-2), ZEN and the fumonisins B (FB) are known as "field mycotoxins" [18] . They occur under favorable conditions such as high moisture and temperature during the flowering of wheat, but they can also increase as a result of improper storage or processing [19, 20] . European Commission regulation (EU) 1881/2006 set limits at 1250 µg kg −1 for DON in unprocessed cereals other than durum wheat, oats and maize and 100 µg kg −1 for ZEN in unprocessed cereals [21] . Maximum levels for sum of T-2 and HT-2 of up to 100 µg kg −1 for wheat, rye and other cereals have been recommended by European Commission recommendation (EU 165/2013). The concentration of DON in barley malt has not yet been regulated, but it could be a potential problem. Along with food safety issues due to mycotoxins, the Fusarium infections also affect the quality of wort and beer [22] . Enzymes responsible for starch decomposition during malting process are activated thus creating favourable conditions for the rapid growth and development of bacteria, yeast and fungi naturally present in cereals [23] . In general, food processes with high temperatures can reduce mycotoxin concentrations significantly, but cannot eliminate them completely [24] . DON is stable up to 170 • C, and is an inhibitor of protein synthesis. It affects germination and other metabolic processes in the germinating grain and modulates the activity of proteolytic enzymes and gibberellins, which are promotors of enzyme synthesis in the barley [25] . In addition, Fusarium infection may be associated with "gushing" in the resultant beer [25] . Moreover, significant correlations exist between the intensity of gushing and levels of DON in barley and malt, ergosterol in malt, and ZEN in malt [26] . In this study, the effects of F. culmorum on the production of different mycotoxins in the grain and corresponding malts after artificial inoculation of winter wheat varieties in the field were investigated. The present study also provides evidence and new knowledge on the impacts of the FHB pathogen complex on the malting of naturally and artificially infected wheat, because most previous research was focused on barley malt.
Results
Disease incidence of contamination ranged from 0 ('Sirban Prolifik') to 75% ('Golubica'). General resistance (disease intensity) ranged from 0 ('Sirban Prolifik') to 63% ('Super Zitarka'). Changes in FCK were less marked, with FCK from 2% ('Renan') to 46% ('Super Zitarka') ( Figure 1 ).
Mycotoxin concentrations in wheat grain and malt determined in 2014/2015 are summarized in Figures 2-4 . Naturally infected grains (control) exhibited a high percentage of positive samples for DON and 3-ADON (64%) (Figures 2 and 3 ) and for T-2 and HT-2 sum (16%) (data not shown). DON in control grains ranged from 0 to 115.62 µg kg −1 , while 3-ADON was much lower, ranging from 0 to 17.86 µg kg −1 . In contrast, the highest level of the DON occurrence was recorded in inoculated grain and malt (100% of total samples) (68.55-3246.53 and 51.18-2526.30 µg kg −1 , respectively) ( Figure 2 ) and for 3-ADON in inoculated grain (84% of total samples) (13.42-735.38 µg kg −1 ) and in the corresponding malt, it increased (92% of total samples) (25.07-1115.60 µg kg −1 ) (Figure 3 ). The highest percentage of ZEN-positive samples was recorded in inoculum malt, 76% versus 32% in control malt, within range of 5.12-232.57 µg kg −1 and 9.34-36.92 µg kg −1 , respectively ( Figure 4) . Some samples did not show the DON contamination both in control grain and malt ('Srpanjka', 'Kraljica', 'Vulkan' and 'Os Alka'). Table 1 ). There was not any significant correlation for control and inoculated malt (data not shown). Actual 3-ADON concentrations were generally lower than DON concentrations, with mean levels ranging from <0.1 (the limit of detection) to 18 and 208 µg kg −1 in control grain and malt, respectively. The highest concentrations in inoculum grain and malt were 735 and 1116 µg kg −1 (Figure 3 ). There were no significant correlations in 3-ADON concentration between samples in inoculum grain and malt or control grain and malt (data not shown). ZEN concentration was analyzed in both grain and malt samples. Only one sample in inoculum malt exceeded the legal limit at 100 µg kg −1 for feed cereals in the EU ('Katarina', 233 µg kg −1 ) (Figure 4) . No significant correlation was obtained for control and inoculum malt for ZEN concentrations (data not shown). Incidence of T-2 and HT-2 toxins was low; only four of 25 samples of control grain contained detectable levels, and two of 25 samples of inoculated grain were positive on ZEN with losses during malting (data not shown). Table 1 ). There was not any significant correlation for control and inoculated malt (data not shown). Actual 3-ADON concentrations were generally lower than DON concentrations, with mean levels ranging from <0.1 (the limit of detection) to 18 and 208 µg kg −1 in control grain and malt, respectively. The highest concentrations in inoculum grain and malt were 735 and 1116 µg kg −1 ( Figure 3 ). There were no significant correlations in 3-ADON concentration between samples in inoculum grain and malt or control grain and malt (data not shown). ZEN concentration was analyzed in both grain and malt samples. Only one sample in inoculum malt exceeded the legal limit at 100 µg kg −1 for feed cereals in the EU ('Katarina', 233 µg kg −1 ) ( Figure 4 ). No significant correlation was obtained for control and inoculum malt for ZEN concentrations (data not shown). Incidence of T-2 and HT-2 toxins was low; only four of 25 samples of control grain contained detectable levels, and two of 25 samples of inoculated grain were positive on ZEN with losses during malting (data not shown). 
Discussion
DON and 3-ADON were the most-occurring mycotoxins in the control wheat samples, while ZEN was detected in both control and infected malt samples. It was expected that mycotoxin contents in grain samples would vary in different winter wheat varieties of inoculated treatment, even though plots were artificially inoculated with spores of F. culmorum. The infection rates of non-inoculated plots were 0, but they varied in inoculated plots up to 63% for general Fusarium resistance. The susceptible varieties, such as 'Golubica', 'Super Zitarka' and 'BC Anica', were characterized by a much greater accumulation of DON than the resistant varieties. Moderate statistically significant correlations were observed between DON in control and inoculated grain and between control grain and control malt, as well as between DON contaminations in inoculated grain and malt. This relationship suggests that samples with high DON levels would likely produce malt with high DON levels, so resistance of the crop should be a major safety factor for the beer production. This was also concluded by Schwarz et al. (2006) [27] for barley samples; however, due to large amount of unexplained variation, they concluded that this relationship needs to be further investigated in details. The same was noticed by Váňová et al. (2004) [28] , who revealed that content of DON increased in most cases after the barley samples were malted. Moreover, Schapira et al. (1989) [29] concluded that T-2 toxin, DAS and DON had the potential to affect malting and malt characteristics, with the possibility that even at the much lower natural levels in grains, these mycotoxins acting additively or synergistically with others may have a deleterious effect on malting. The present study also provides evidence of new knowledge on the impacts of the FHB pathogen complex on the malting of naturally and artificially infected wheat, because most of previous research has been focused on barley malt. The focus of this research with wheat-infected malting was to explore the effect of Fusarium sp. on wheat malt; namely, because during malting, this process seems to represent a critical step within its temperature range, and mycotoxin production can be six times higher than under optimal temperatures, which consequently promotes higher fungus growth [30] . During the brewing process, significant increases in the levels of mycotoxins can occur [31] . Previously, F. graminearum, F. culmorum and F. poae have been named as active gushing inducers that 
DON and 3-ADON were the most-occurring mycotoxins in the control wheat samples, while ZEN was detected in both control and infected malt samples. It was expected that mycotoxin contents in grain samples would vary in different winter wheat varieties of inoculated treatment, even though plots were artificially inoculated with spores of F. culmorum. The infection rates of non-inoculated plots were 0, but they varied in inoculated plots up to 63% for general Fusarium resistance. The susceptible varieties, such as 'Golubica', 'Super Zitarka' and 'BC Anica', were characterized by a much greater accumulation of DON than the resistant varieties. Moderate statistically significant correlations were observed between DON in control and inoculated grain and between control grain and control malt, as well as between DON contaminations in inoculated grain and malt. This relationship suggests that samples with high DON levels would likely produce malt with high DON levels, so resistance of the crop should be a major safety factor for the beer production. This was also concluded by Schwarz et al. (2006) [27] for barley samples; however, due to large amount of unexplained variation, they concluded that this relationship needs to be further investigated in details. The same was noticed by Váňová et al. (2004) [28] , who revealed that content of DON increased in most cases after the barley samples were malted. Moreover, Schapira et al. (1989) [29] concluded that T-2 toxin, DAS and DON had the potential to affect malting and malt characteristics, with the possibility that even at the much lower natural levels in grains, these mycotoxins acting additively or synergistically with others may have a deleterious effect on malting. The present study also provides evidence of new knowledge on the impacts of the FHB pathogen complex on the malting of naturally and artificially infected wheat, because most of previous research has been focused on barley malt. The focus of this research with wheat-infected malting was to explore the effect of Fusarium sp. on wheat malt; namely, because during malting, this process seems to represent a critical step within its temperature range, and mycotoxin production can be six times higher than under optimal temperatures, which consequently promotes higher fungus growth [30] . During the brewing process, significant increases in the levels of mycotoxins can occur [31] . Previously, F. graminearum, F. culmorum and F. poae have been named as active gushing inducers that cause quick uncontrolled spontaneous over-foaming immediately after a bottle or can opening [25] . In further research, we will check stability of mycotoxin occurrence in different environments.
DON concentrations for barley were, however, significantly lower than was reported by Lancova et al. (2008) [31] . In our research, there was also a corresponding increase in DON concentrations, from a mean of 41 µg kg −1 for control grains to 75 µg kg −1 for control malt. Maximum concentrations in inoculum treatment were greater than 1500 µg kg −1 in both grain and malt in a few samples, although the EU limit of 1250 µg kg −1 for wheat was not exceeded for and of the 25 samples. There was a statistically significant correlation between DON and 3-ADON concentrations, except in control grain. In general, malt samples that were artificially inoculated contained less DON than the samples from which they were prepared, indicating that toxin was lost or transformed during the commercial malting process. There were 9 of 25 samples in which the malt had more DON than the grain. In the control treatment, 14 of 25 samples had a higher DON concentration after malting. Malting wheat samples showed somewhat different picture for control and inoculated treatment, where in the control and inoculated treatment, only 4 of the 25 samples had less 3-ADON after malting. Our results are not in accordance with Váňová et al. (2004) [28] , who revealed that DON was not detected in barley malt in the non-treated control, but DON concentration depended on the specific climate of the testing year and position of the test field. According to Schwarz et al. (1995 Schwarz et al. ( , 1997 [32, 33] , production of mycotoxins during malting is difficult to predict from the original barley, and is probably dependent upon viability, as well as the original level of infection. In addition to that, Wolf-Hall and Schwarz (2002) [21] stated that during the steeping process, the level of DON can sometimes be decreased, and is no longer detectable. Similar findings were observed for the barley malt and barley grains, which showed similar lower level of DON [25] . Contrarily, in the research of Lancova et al. (2008) [31] , in malt, the content of monitored mycotoxins was higher compared with the original barley (grains without malting). In the relatively wet season of 2014/2015 occasional malt samples had a higher concentration levels of DON or 3-ADON than the starting wheat grain (control), but this was not the case with T-2 or HT-2, which are two of the most toxic members of type-A trichothecenes, produced by a number of Fusarium species. According to EC 165/2013, these positive samples were only dangerous for cereal-based foods for infants and young children (>15 µg kg −1 Following mycotoxins, mainly NIV, (diacetoksiscirpenol) DAS and/or fusarenon X (FUS X) have not been found in control and inoculated samples.
Mean and maximum values of mycotoxins were lower in the control treatment, both for grain and malt, and no samples exceeded legal limits for human consumption. In the study of Sarlin et al. (2005) [34] , it was observed that steeping during malting reduced the level of DON in non-treated samples, whereas the levels increased in artificially inoculated barley. There was a possibility that during steeping the level of DON can be sometimes decreased and is no longer detectable [20] . Through the first step of malting, steeping of barley grains apparently reduced Fusarium mycotoxin levels to below their quantification limits [32] . The highest DON and ZEN contents were detected in green malt, implying that the fungi had produced more mycotoxins during grain germination. Our investigation showed similar situation where after malting of untreated samples DON concentration was higher. This observation occurred after malting among less samples within inoculation treatment, whereas more samples showed a decrease of DON. Habler et al. (2016) [35] concluded that specific Fusarium species which contaminate the raw grain material might have different impacts on malt quality. In particular, the type B trichothecenes and F. culmorum DNA contents were increased dramatically, by up to 5400%, after kilning. By contrast, the concentrations of type A trichothecenes and F. sporotrichioides DNA decreased during the malting process. While the actual incidence of DON in barley was lower than that in wheat [36] , a special attention needs to turn to wheat, because it is also one of the common raw materials used for beer production. Overall, malt generally contained ZEN in both treatments but not in unprocessed wheat and there was not any significant correlation between ZEN and DON in inoculated and control malt, but there was between ZEN and 3-ADON in inoculated treatment for malt. Similar findings for ZEN were obtained by Sarlin et al. (2005) [34] , where production of ZEN in barley was followed during the malting process. Within grain from the control and inoculated treatment, only a few samples contained T-2 and HT-2 toxin in total. For barley, during four-year research, the percentage of positive T-2 and HT-2 samples was higher, ranging from 22% to 53%, with values between 26 and 787 µg kg −1 [37] . In our research, for T-2 and HT-2 toxins, there were substantial losses during malting. In 2014/2015, a total set of 25 samples of wheat grain and malt was analyzed for the content of mycotoxins DON, ZEN, and sum of T-2 and HT-2 toxins using the LC-MS/MS. Mycotoxin contamination data were significantly correlated with disease incidence and intensity, as well as with FCK. Of all mycotoxins, DON occurred most frequently. Still there were too many variations from which we can not conclude that disease parameters may also represent a specific indicator of mycotoxins prevalence in malt. The mycotoxin ZEN could be specific only for the wheat malt. In addition, in future, this research will be continued through investigation of the potential for formation and/or degradation of these mycotoxins during malting and brewing.
Our results have provided valuable information on the importance of selection of Fusarium resistant wheat varieties for malting industry. From a breeders standpoint, the tested wheat varieties 'Srpanjka', 'Kraljica', 'Vulkan' and 'Os Alka' may be recommended as a reliable material for cultivation for malting and brewing industry under heavy Fusarium pressure in this part of Europe.
Materials and Methods

Inoculum Production
Inoculum consisted of conidia of F. culmorum (IFA 104), DON chemotype and highly aggressive isolate, which was obtained from Institute of Biotechnology, IFA-Tulln, Austria. To produce macroconidia of F. culmorum, a mixture of wheat and oat grains (3:1 by volume) was soaked in water overnight in 250 mL glass bottles [38] . Water was decanted and seeds autoclaved. After seeding with the Fusarium strain, the seeds were kept for two weeks at 25 • C in the dark and thereafter incubated in the refrigerator for three weeks. Conidia were washed from the kernels and the concentration of the conidial suspension was set to 1 × 10 5 mL −1 by haemocytometer. The spore suspension was set to a concentration so that single bottle contained a sufficient amount of suspension (>900 mL) which could be diluted in 100 L of water right before inoculation (100 mL per m 2 ).
Field Trials
The field trial was set up at the Agricultural Institute Osijek (45 • 32 N, 18 • 44 E) where the soil type is eutric cambisol. The average annual precipitation in vegetation period during 2014/15 was 513 mm and the average annual temperature was 11.3 • C. The experimental plot area was 7.56 m 2 , where one treatment (control and artificially inoculated) was replicated in two plots. Twenty-five winter wheat varieties were artificially inoculated with F. culmorum during the flowering stage using tractor back-sprayer in the late afternoon and repeated two days later (Table 2 ). To maintain moisture at ears water was sprayed with tractor back-sprayer on several occasions during the day. Control group consisted of plants left to natural infection without usage of fungicide. For assessing disease attack, we calculated three parameters (general resistance, Type I resistance and fusarium colonized kernels (FCK)). The percentage of bleached spikelets (disease intensity) per plot was estimated according to a linear scale (0-100%) on day 22 after inoculation. FHB intensity per plot was taken as a measure for general resistance (GR). Disease incidence (percentage of diseased ears per plot, T1) was used as a measure for Type I resistance. The percentage of diseased heads was calculated after assessing a random sample of 30 heads on 22nd day after inoculation. For the determination percentage of FCK, 100 kernels of each variety were randomly selected and washed in 90% ethanol for 20 s. After evaporation of the alcohol, the seeds were placed on moist filter paper in Petri dishes and incubated at 25 • C at a relative air humidity of 80%. On the 6th day after incubation FCK was assessed. After harvest, the samples were collected for malting process and mycotoxin analysis. Triple-quadrupole MS (SCIEX) for analysis. The Ascentis Express C-18 column was used for mycotoxin separation (150 × 2.1 mm; with 2.7 µm particle size). The column was heated to 45 • C, and the eluent A was 10 mM formic acid, and eluent B 10 mM of formic acid in methanol (pH of both eluents was set to 3.8 with ammonium hydroxide). The gradient started with 80% of eluent A, that was decreased to 50% within 10 min, followed to 20% in next 5 min, and to 0% until 16 min. The 100% B was held for 10 min, followed by equilibration to starting conditions for 4 min. Flow rate was set to 200 µL min −1 . The MS/MS analysis was performed by using ESI source in both (positive and negative) modes, in two separate runs. The Ion Spray Voltage was set to −4500 V in negative and 5500 V in positive mode. Nitrogen was used as ion source and collision gas. Results were analyzed with Analyst software version 1.4.2 (Sciex, Foter City, CA, USA, 2008).
Method Validation
During validation of the method following parameters were included: extraction efficiency (R E ), apparent recovery (R A ), matrix effect (SSE) (signal suppression/enhancement), interlaboratory repeatability and reproducibility, limit of detection and limit of quantification, linearity (working range), and specificity in accordance with the EC 657/2002 [40] . The recovery experiments were performed on blank wheat samples (with no detected mycotoxins) by using 3 different concentrations (1×, 3×, and 10× LOQ) in triplicates. The matrix effect (enhancement or suppression), extraction efficiency and apparent recovery were assessed by comparing the average area of spiked samples with area of matrix-matched standard, and eluent diluted standard. The following Equations were used for the calculation according to Malachová et al., 2014 [40] :
The repeatability was reported as relative standard deviation (RSD), calculated from spiked samples, while interlaboratoriy reproducibility was also calculated as RDS between three different days of analysis. For each analyte two specific transitions were monitored (qualifier and quantifier), and their ion ratio was also selected as additional confirmation point, with maximum tolerance up to 30% according to EC 657/2002 [41] .
A seven-point calibration curve in methanol:water 50:50 was prepared from the stock solution (Mix 4 (A+B Trichothecenes & Zearalenone), Romer Labs, Tulln, Austria). Concentrations for each mycotoxin were approximately: 5, 10, 50, 100, 200, 500, and 1000 µL min −1 (the exact concentration may vary ±2% depending on the exact concentration in the purchased mix). For the quality control the calibration standard were passed every after every 25 samples including one quality control sample prepared by spiking of the plank wheat. Quantification was carried out by external calibration. The limit of detection (LOD) was defined as the concentration at which the signal to noise ratio equals to 3 and the limit of quantification (LOQ) was defined as the concentration where the signal to noise ratio equals to 10 by using the Analyst S-to-N script. All results were corrected for the apparent recovery, and recalculated according to the used clean-up. All validation parameters were summed up in the Table 3 . Recovery was calculated using the wheat samples spiked with the mycotoxin mixed at three different levels with triplicate analyses conducted for each level. R E -extraction efficiency; R A -apparent recovery; SSE-signal suppression/enhancement; RSD-relative standard deviation; LOD-limit of detection; LOQ-limit of quantification.
Statistical Analysis
The values for Fusarium colonized kernels, disease intensity and incidence of individual assessment data was used. Correlation analyses were performed by Statistica 13 software (Version 13.3, TIBCO Software Inc., Palo Alto, CA, USA, 2017).
